Despite recent efforts to reforest cleared rainforest landscapes, in Australia and elsewhere, the value of reforested sites for rainforest-dependent reptiles is unknown. We surveyed the occurrence of reptiles in a range of reforestation types (monoculture and mixed species timber plantations, diverse 'ecological restoration' plantings and regrowth), as well as reference sites in pasture and rainforest, in tropical and subtropical Australia. We recorded 29 species of reptiles from 104 sites, including 15 rainforest-dependent species. Most rainforest reptiles were strongly associated with complex microhabitats (tree trunks, logs, rocks). The richness and abundance of rainforest-dependent reptiles varied between the different types of 1 reforestation and between regions. In the tropics, rainforest reptiles were recorded in old timber plantations and ecological restoration plantings, but not in young timber plantations or regrowth. Rainforest reptiles were recorded in few reforested sites in the subtropics. The occurrence of rainforest-dependent reptiles in reforested sites appears to be influenced by (i) habitat structure, (ii) proximity to source populations in rainforest; and (iii) biogeography and historical differences in the extent of rainforest. Restoration of cleared land for rainforestdependent reptiles may require the development, or deliberate creation, of complex structural attributes and microhabitats in reforested sites. Where reforested sites are located away from rainforest, recolonization by rainforest reptiles may require the construction of corridors of suitable habitat between reforested sites and rainforest or the translocation of reptiles to reforested sites.
INTRODUCTION
Australia supports a diverse reptile fauna of more than 800 species (Cogger & Heatwole 1981; Cogger 2000) , of which at least 55 species occur in rainforests in tropical and subtropical eastern Australia (Covacevich & McDonald 1991a , 1993 . Little is known of the ecology of most rainforest reptiles or their response to habitat loss and fragmentation (Covacevich & McDonald 1993; Williams et al. 1996 ; although see Sumner et al. 1999 ).
However, the extensive clearing of rainforest which followed European settlement of Australia would have greatly reduced populations of rainforest-dependent reptiles. An estimated 30-75% of a former 4 to 8 million hectares of rainforest has been cleared in Australia over the past 200 years (Webb & Tracey 1981; Cofinas & Creighton 2001) .
In recent decades, there has been increasing interest in the reforestation of cleared rainforest landscapes, in Australia and elsewhere, for biodiversity conservation, timber production and catchment protection Lamb 1998; Catterall et al. 2004 ). Approaches to reforestation range from monocultures of timber trees to diverse 'ecological restoration' plantings (Goosem & Tucker 1995; Kooyman 1996; Lamb et al. 1997; Parrotta & Knowles 1999) . Large areas of abandoned farmland have also reverted to regrowth, often dominated by woody weeds, in many cleared rainforest landscapes Lugo & Helmer 2004 ).
At present, we have limited understanding of the value of different types of reforestation for rainforest wildlife. Published studies display a strong bias towards birds, mammals and some invertebrate groups (see, e.g., references in Lamb 1998; Kanowski et al. 2005a ). Almost nothing is known of the response of reptiles to reforestation in rainforest landscapes, apart from a few studies in successional habitats (Bowman et al. 1990; Heinen 1992; East et al. 1995) . The response of reptiles to restoration might be expected to differ from other terrestrial vertebrates, given their relatively small size, often limited mobility and low energy and water requirements (Heatwole & Taylor 1987; Nagy et al. 1999) . Reptiles (as both predators and prey) are likely to play important roles in the development of faunal assemblages in reforested sites (Dial & Roughgarden 1995; Schoener & Spiller 1996) , although the direct influence of reptiles on plant succession in reforested sites in Australia is likely to be very limited .
In this study, we examine the response of reptiles to different types of reforestation in cleared rainforest landscapes in tropical and subtropical eastern Australia. We are mostly interested in rainforest-dependent reptiles, as these taxa are likely to have been adversely affected by rainforest clearing and are typically the focus of conservation concern in these landscapes . We consider the extent to which the responses of reptiles to reforestation are determined by the availability of suitable habitat and by the proximity of reforested sites to source populations in rainforest.
METHODS

Study regions and design
The study was conducted in two regions of eastern Australia: the upland plateau of the (Webb 1968) .
However, the subtropical study region extends over a much larger area and is subject to more environmental heterogeneity than the tropical study area. In both regions, rainforests are interspersed with other native vegetation (particularly eucalypt forests) and with areas cleared and developed for agriculture. Prior to European settlement, rainforest was more extensive in the tropics than the subtropics. Following clearing, approximately 7,500 km 2 of rainforest remains in the tropics, compared with 3,400 km 2 in the subtropical study area (Winter et al. 1987; Kanowski et al. 2003) .
We surveyed four types of reforestation commonly practised in tropical and subtropical Australia: monoculture timber plantations, mixed-species cabinet timber plantations, ecological restoration plantings and unmanaged regrowth (Table 1) . Most plantings were relatively young (5-20 years), except for monoculture plantations, in which we surveyed both young and old (40-70 years old) sites. Many of the old plantations had recruited a diverse understorey of rainforest plants, especially in the tropics sinense (privet). Reference sites were established in (i) cleared pasture and (ii) rainforest.
Using information provided by revegetation practitioners, vegetation maps, aerial photography and local knowledge, we located 5-10 replicate sites of each treatment in each region, controlling where possible for climate, soil type and area (most sites >4 ha). A 0.3 ha study plot was established in a representative area at each site, away from edges where possible, on which all surveys of biota and measurements of habitat structure were conducted.
Further details of the study design are given elsewhere Catterall et al. 2004 ).
Reptile sampling
Reptiles ( 
Data analysis
Differences in the reptile fauna amongst site types were analysed in terms of (i) total species richness, (ii) richness of the fauna classified by habitat preference ('rainforest' or 'mixed habitat'), (iii) total abundance, and (iv) the abundances of the more commonly recorded taxa (recorded at four or more sites in a region). Habitat preferences were based primarily on Covacevich and McDonald (1991a) , but also Wilson and Knowles (1988) , Cogger (2000) and Couper et al. (2000) . were excluded from analyses.
While the study was not designed to control for landscape forest cover, sites varied in their distance to rainforest. Based on the distribution of these distances, sites were arbitrarily considered 'close' to rainforest if they were adjacent or within 400 m of extensive or remnant (>5 ha) rainforest; other sites were considered 'distant' from rainforest (most were >1 km from rainforest). Numbers of sites in each category were often low and varied between site types, precluding statistical analysis of the effect of proximity to rainforest on reptile richness and abundance, and only trends in these results are reported.
RESULTS
Regional overview
Seven families, 18 genera and 29 species of reptiles were recorded in the 104 sites surveyed in this study (Table 2 ). Of these, 10 genera and 12 species of reptiles from five families were recorded in the tropics (including six rainforest-dependent species), while 13 genera and 19 species from six families were recorded in the subtropics (including nine rainforest-dependent species). Most species and individuals recorded were small lizards (Scincidae). Although more species were recorded from the more extensive subtropical study area, the mean species richness of reptiles per site was greater in the tropics than the subtropics for most site types ( Fig. 1 ). Reptile abundance varied widely between site types and between regions ( Fig. 2) , but very few reptiles were recorded in pasture.
Comparisons between site types: species richness and abundance
Tropics
Within the tropics, the richness of all reptile species, and both rainforest-dependent and mixed-habitat species, varied significantly between site types (Table 3) . Rainforest species were recorded in all rainforest reference sites, nine of 10 old plantations and seven of 10 restoration plantings, but not in other sites (Fig. 1 ). Mixed-habitat reptiles were recorded in all site types, but were especially rich and abundant in young monoculture plantations and ecological restoration plantings. Total richness was highest in rainforest reference sites, young and old monoculture plantations and ecological restoration sites.
Seven species of reptiles were recorded at four or more sites. The abundances of two rainforest reptiles, Eulamprus tigrinus and the Gnypetoscincus queenslandiae (prickly forest skink), varied significantly between site types (Table 3) , the former only recorded in rainforest reference sites, the latter in rainforest reference sites and, less commonly, old monoculture plantations (Table 2) . A third rainforest skink, Saproscincus basiliscus, tended to be most common in ecological restoration and old monoculture plantations sites (p=0.093);
while Hypsilurus boydii (Boyd's forest dragon) tended to be most common in old plantations (p=0.094). The mixed-habitat skink, Carlia rubrigularis, was significantly more abundant in young monoculture plantations, mixed species plantations and ecological restoration sites than old monoculture plantations and rainforest reference sites.
Subtropics
The richness of rainforest-dependent species varied significantly between site types in the subtropics (Table 3) . Rainforest species were recorded at six of 10 rainforest reference sites, but only in five of the 39 reforested sites: two young plantations, two old plantations and a regrowth site (Fig. 1) . Total species richness and total reptile abundance also showed trends in abundance between site types in the subtropics (p<0.1 for both analyses). Total species richness tended to be highest in rainforest reference sites and ecological restoration plantings, while total reptile abundance tended to be highest in regrowth, mixed species plantations and ecological restoration sites (Fig. 2) . Mixed-habitat species were recorded in all site types except young monoculture plantations, although a considerable number of individuals were not able to be identified to species in reforested sites, including young plantations (Fig. 2) .
Two species of reptiles were recorded at four or more sites in the subtropics. Of these, only the rainforest skink Eulamprus murrayi varied significantly in abundance between site types (Table 3 ). This species was recorded only at rainforest reference sites, although individuals of
Eulamprus identified only to genus were also recorded in one old monoculture plantation. At the generic level, both Eulamprus and Lampropholis varied significantly between site types.
Eulamprus was characteristic of rainforest reference sites, while Lampropholis was abundant within regrowth, mixed species plantations and ecological restoration sites (Table 2) .
Microhabitat use
Most rainforest-dependent reptiles were associated with logs, rocks and trees (including tree trunks, buttresses and branches), particularly the genera Eulamprus, Hypsilurus and Gnypetoscincus. However, the rainforest skinks S. basiliscus, Lampropholis coggeri and L.
couperi were mainly recorded from leaf litter. Mixed habitat reptiles were predominantly associated with leaf litter and grass (Table 4) .
Effect of proximity to rainforest
In the tropics, rainforest-dependent reptiles were recorded in nine old plantations and seven restoration plantings. All the plantations and two of the seven restoration plantings were adjacent to rainforest, but all five 'distant' restoration sites where rainforest reptiles were recorded were linked to rainforest by vegetated riparian corridors. Litter-dwelling skinks (S.
basiliscus and L. coggeri) were the only rainforest reptiles recorded at these 'distant' restoration sites. Rainforest reptiles were not recorded in restoration sites completely isolated from rainforest by pasture.
In the subtropics, rainforest reptiles were recorded at five reforested sites. Of these, three sites were located adjacent to rainforest. The other two sites (one young, one old monoculture plantation) were embedded within a matrix of plantations and strips of remnant rainforest that were contiguous with extensive rainforest. At both sites, rainforest reptiles were associated with coarse woody debris, a legacy of the original forest felled for plantation development.
DISCUSSION
Comprehensiveness of survey and data limitations
Based on latitudinal and altitudinal distributions of the fauna, we recorded six of the 12 and nine of 14 rainforest-dependent reptiles expected to occur in our tropical and subtropical study areas, respectively (Covacevich et al. 1982; Czechura & Covacevich 1985; Covacevich & McDonald 1991a, b; Cogger 2000) . The rainforest species not represented in our surveys include three nocturnal lizards (Gekkonidae), two snakes (Elapidae) and a number of skinks (Scincidae). That our limited survey effort detected a considerable proportion of the rainforest-dependent reptiles in each region reflects both the paucity of reptiles amongst the Australian rainforest fauna, and the fact that most of the rainforest reptiles are diurnal and can be found under logs, in leaf litter, or close to the ground on tree trunks, and hence are relatively easy to locate.
Very few reptiles were recorded in pasture sites, although our results are confounded somewhat by the difficulties of observing reptiles amongst pasture. Pasture sites could be expected to support some mixed habitat reptiles, although both richness and abundance could be expected to be low in most sites, given their long history of intensive grazing (Woinarski & Ash 2002) . No reptiles were incidentally captured in pitfall traps in the same pasture sites during a concurrent study of invertebrates , although small skinks were sometimes caught in these traps in reforested sites.
The value of reforestation for rainforest reptiles
The only types of reforestation which consistently supported rainforest reptiles were ecological restoration plantings and old timber plantations, and these only in the tropics. We suggest these results reflect two major factors: first, the structural attributes of the different types of reforestation, interacting with the habitat requirements of reptiles; and second, the proximity of sites to potential source populations in rainforest, interacting with the dispersal capacities of reptiles and the nature of the intervening matrix. Additionally, regional differences in the response of reptiles to reforestation may be related to biogeographical and historical differences in the extent of rainforest. These issues will be discussed below.
Role of habitat structure and microhabitat preference
The different types of reforestation surveyed in this study varied greatly in the physical structure of their vegetation . Rainforest sites were characterised by a closed canopy, a relatively high density of trees and shrubs in a range of size classes, a variety of life-forms including epiphytes, lianas, and strangler figs, and a shrubby understorey with high volumes of coarse woody debris and leaf litter. Pasture sites lacked all these attributes, while the different styles of reforestation had developed them to varying degrees. In general, the structural similarity of reforested sites to rainforest increased from young monoculture and mixed species plantations, through ecological restoration plantings, to old timber plantations (tropics only). Old plantations in the subtropics tended to have a less complex structure, as a consequence of a more intensive silvicultural regime and, perhaps, a drier environment . Regrowth sites varied widely in structure, but were older and more forest-like in the subtropics than the tropics.
The trends in vegetation structure are broadly concordant with the use of reforested sites by rainforest reptiles, at least in the tropics, where the richness and abundance of rainforest reptiles increased from ecological restoration plantings to old plantations to rainforest. It is noteworthy that no rainforest reptiles were recorded in young monoculture or mixed species timber plantations, even though these sites had developed some of the structural attributes of rainforest. Consequently, rainforest reptiles appear to have a threshold response to the development of rainforest-like structural attributes in reforested sites. For example, in the tropics, rainforest reptiles were recorded in none of the 14 reforested sites where canopy cover was low (<60%: data from Kanowski et al. 2003) , but in 16 of the 21 sites where canopy cover exceeded 60% (Fig. 3) . Canopy cover may directly affect habitat quality for rainforest reptiles, because of its influence on light and thermal environments in the understorey.
Different types of reforestation vary in the length of time from establishment to canopy closure. Dense ecological restoration plantings may achieve canopy closure within 3-5 years of establishment on favourable sites (Goosem & Tucker 1995) , whereas widely spaced timber plantations may take decades. A dense canopy may never be achieved in timber plantations subject to intensive thinning or comprised of sparsely-canopied trees, such as eucalypts . Canopy cover was also correlated with a number of other structural attributes of reforested sites (e.g., stem density, basal area, shrub cover), which may influence habitat suitability for reptiles . Few types of reforestation in rainforest lanscapes are sufficiently old to track the development of these structural attributes over time, Reptiles strongly associated with the complex habitat features of rainforest were poorly represented in reforested sites. For example, the skink G. queenslandiae, which lives in and under decaying logs (Sumner et al. 1999) , was recorded outside rainforest reference sites only in old plantations, the only sites to contain abundant large woody debris . Similarly, rainforest-dependent species of Eulamprus were almost entirely restricted to rainforest reference sites, presumably because mature strangler figs and large or hollow stems were virtually absent from reforested sites (these are the microhabitats typically associated with Eulamprus in rainforest: Ehmann 1992; see Table 2 ). The rainforest reptiles most commonly recorded in reforested sites were litter skinks (Saproscincus and Lampropholis). In rainforest, these species are reported to prefer the edges of small clearings and other canopy openings (Ehmann 1992) . Their abundance in ecological restoration plantings and old plantations in the tropics may reflect the more open canopy of those sites compared with rainforest .
Role of proximity to remnant forest
The proximity of reforested sites to rainforest and the nature of the intervening landscape would be expected to impose a strong filter on the use of reforested sites by rainforest reptiles.
Most lizards have small home ranges and are unlikely to disperse long distances, particularly when intervening habitat is unsuitable (Hokit et al. 1999; Stow et al. 2001; Osterwalder et al. 2004 ). In the present study, all reforested sites where rainforest reptiles were recorded were adjacent to rainforest, or connected to rainforest by forested habitat (vegetated corridors or a matrix of old timber plantations and remnant forest).
Regional differences in the use of reforested sites by reptiles
Habitat structure and proximity to rainforest do not entirely explain the relative absence of rainforest reptiles from reforested sites in the subtropics. For example, old plantations and restoration plantings in the subtropics had often developed intermediate levels of structural complexity and a number of sites were located adjacent to rainforest or within a matrix of plantations and rainforest. Instead, these results may reflect the relatively low richness of rainforest reptiles in subtropical rainforest sites (Fig. 1) . Indeed, most vertebrate groups are relatively depauperate in subtropical Australian rainforests compared with the tropics, a pattern thought to reflect the smaller area of rainforest in the subtropics, especially during the Pleistocene (Heatwole 1987; Winter 1988 ). Biogeographical differences may be exacerbated by the greater extent and age of clearing in the subtropics (Adam 1992). These factors may contribute to the low rate of recolonization of reforested sites by rainforest reptiles in the subtropics.
Management implications
Improving the value of restored sites for reptiles
The results of this study suggest that rainforest reptiles are constrained from recolonizing reforested sites by a lack of suitable habitat and by the isolation of sites from source populations in rainforest, although biogeographical and historical factors also influence the potential for recolonization in particular regions. Therefore, to improve the value of reforested sites for reptiles, key habitat attributes which would be slow or unlikely to develop on reforested sites under natural processes could be introduced during the establishment phase.
For example, a number of projects which have sought to restore habitat for reptiles have added key microhabitats, including logs, rocks and burrows, to rehabilitated sites (Webb & Shine 2000; Mac Nally et al. 2001; Nelson et al. 2002; Nichols & Nichols 2003; Souter et al. 2004 ). These types of habitat enhancements are both simple and inexpensive and have been applied in at least one rainforest restoration project in tropical Australia (Grove & Tucker 2000) . However, certain structural features of rainforest which provide important habitat for reptiles, such as the strangler figs frequented by Eulamprus, would require complex engineering to create artificially on reforested sites. More fundamentally, the suitability of engineered sites for specialist reptiles may still be limited by other habitat factors such as microclimate and the availability of suitable food, and these factors are poorly known for most species. For example, we did not record the rainforest specialist log-dwelling skink G.
queenslandiae in the tropical restoration project to which coarse woody debris had been added, although Grove and Tucker (2000) found these logs had been colonised by saproxylic beetles. Field experiments are needed to determine appropriate strategies for enhancing the value of reforested sites for reptiles with specialised habitat requirements.
Regardless of their habitat suitability, our results suggest that reforested sites completely isolated from rainforest are unlikely to be recolonized by rainforest reptiles. While the establishment of corridors linking reforested sites with remnant forest has been widely promoted as a solution to the problem of isolation, particularly in tropical and subtropical Australia (Tucker 2000; Scotts & Drielsma 2002) , it is not known whether corridors will be used by rainforest reptiles. Our data suggest that some litter-dwelling rainforest reptiles may readily disperse to reforested sites along vegetated creeks, but whether microhabitat specialists will disperse along these corridors is not yet known. Studies elsewhere suggest that long-distance dispersal of lizards and snakes along narrow riparian corridors is unlikely (Burbrink et al. 1998 ). Translocation of rainforest reptiles to reforested sites is a possible alternative strategy (e.g., Trenham & Marsh 2002) , although globally there are few examples of successful translocation programs involving reptiles (Dodd & Siegel 1991) or indeed other taxa (Fischer & Lindenmayer 2002) . The success of translocation would rely on suitable habitat already being present at reforested sites, which would be difficult to determine a priori (see above). Translocation would also require explicit consideration of genetical conservation issues (Branch et al. 2003) .
Monitoring the value of restoration for reptiles
Whatever strategy is adopted for enhancing the value of reforested sites for rainforest reptiles, monitoring the outcome will be necessary to determine its success. Developing appropriate monitoring strategies for reptiles requires considerable thought and experimentation under an adaptive management framework (Mitchener 1997; Block et al. 2001; Towns & Ferreira 2001; Holl & Cairns 2002) . The selection of target taxa and monitoring protocols is particularly challenging when monitoring programs are to be conducted by individuals or groups without specialist training, as is often the case in reforested sites in Australia (Freeman 2004 ). However, it is clear that the habitat value of reforested sites for reptiles cannot simply be extrapolated from surveys of other taxa. While some rainforest-dependent birds and invertebrates have been recorded in all types of reforestation surveyed in the present study and are therefore relatively quick to respond to reforestation efforts, rainforest-dependent reptiles in general do not show the same response Kanowski et al. 2005b ). Studies of rehabilitated mine sites in Australia have also reported that reptiles are relatively 'slow' to respond to reforestation compared with other fauna, a response attributed to the slow rate of development of microhabitats required by reptiles and the low mobility of reptiles compared with other taxa (Twigg & Fox 1991; Nichols & Nichols 2003) .
Ideally, a monitoring program would target reptiles that are both sensitive to habitat change and cost-effective to survey (see Read 2002; Goodall et al. 2004 , for Australian reptile examples). In the tropics, the skink G. queenslandiae meets both criteria, as it is strongly associated with large rotting logs, one of the habitat features of rainforest, and it is easy to locate and identify when present (Sumner et al. 1999 ; this study). However, large logs may be very scarce in regenerating and reforested sites, typically for decades (Guariguata & Ostertag 2001; Kanowski et al. 2003) . Reptiles which are less demanding in their microhabitat requirements, such as the litter skinks Saproscincus and Lampropholis, may be more suitable indicators of the progress of reforested sites towards reference conditions. Unfortunately, species in these genera can be difficult to identify in the field. Enhancing the value of reforestation for rainforest-dependent reptiles and monitoring the outcomes of these efforts still present significant challenges for ecologists and resource managers.
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